We examined the intensity and anisotropy decays of DNA labeled with two ruthenium metalligand complexes, [Ru(bpy)2(dppz)] 2. and [Ru(phe)2(dppz)] 2.. Both complexes display high emission anisotropies in the absence of rotational diffusion, making them suitable probes for rotational motions. When bound to DNA, these complexes display decay times as long as 294 ns, providing long-lived probes of DNA dynamics. The decay times of both complexes were rather insensitive to dissolved oxygen. We examined anisotropy decays of these complexes bound to B-form DNA. The anisotropy decays revealed correlation times near 10, 50, and several hundred nanoseconds, suggesting that these probes are sensitive to a wide range of DNA motions. The use of metalligand complexes should allow resolution of both the torsional and bending motions of DNA, the latter of which has been mostly inaccessible using shorter-lived fluorescent probes bound to DNA.
INTRODUCTION
Time-resolved fluorescence has been widely used to study the solution dynamics of DNAY -s) Essentially all these studies have been performed using fluorophores such as acridine, 2-aminopurine, and ethidium bromide, which display decay times shorter than 30 ns. However, extensive theoretical studies of DNA have predicted a wide range of times for the torsional and bending motion of DNA. (9-~2) While nanosecond probes can reveal the faster torsional motions of DNA, it is well-known that the 10 -7-to 10-5-s bending motions of DNA are difficult to resolve using fluorophores with nanosecond decay times.O3,~4)
We recently described a new class of long-lived fluorescence probes which display useful anisotropy properties. We found that molecules of the [Ru(bpy)3] 2+5 class, but which contain one suitable nonidentical organic ligand, display high anisotropy in the absence of rotational diffusion.OS-~7) The observation of usefully high anisotropies for molecules such as [Rufopy)3] 2 § was surprising in that one expects such symmetrical molecules to display low anisotropy. This is not an obvious result because some studies of these compounds have suggested that the emission is depolarized by energy transfer between the organic diimine ligands. studies have demonstrated high time 0 anisotropies, and that the anisotropies were sensitive to the rates of rotational diffusion. ~
We have used such metal-ligand complexes to measure rotational correlation times longer than 5 I.ts07) and for fluorescence polarization immunoassays of high molecular weight species3 t6) Hence, measurement of the anisotropy decays of macromolecules labeled with these probes extends the time scale of anisotropy decay measurements to much longer times or slower motions than can be observed using nanosecond decay time fluorophores.
We now describe the use of luminescent metal-ligand complexes to study the hydrodynamic properties of DNA. We used complexes of the type shown in Scheme I, where one of the ligands is dppz, and the other can be bpy or phe. The use of such complexes as DNA probes has been reported by Barton and co-workers. (2~-23) The main advantage of these probes is that they display little or no emission in water but are highly fluorescent when bound to DNA. This property is apparently due to the dppz ligand. When dissolved in solution interactions with the distal nitrogens on dppz with water appear to quench the emission of the complex, an effect which is no longer present when bound to DNA. t22) We now show that the metal-ligand complexes shown in Scheme I display anisotropies as high as 0.2 when excited in the last absorption band near 500 nm. The long decay times of these probes when bound to DNA, and their favorable anisotropy properties, allowed us to detect rotational motions as long as several hundred nanoseconds. Since it is known that the intensity decay times of such complexes can range from several nanoseconds to 100 ~ts, t24~5) metal-ligand complexes should be useful for studies of DNA motions in a wide range of cellular environments.
MATERIALS AND METHODS

Materials
RuC13 hydrate, 2,2'-bipyridine (bpy) (99%), 1,10-phenanthroline (phe) (99+%), and ammonium hexafluorophosphate (99.99%) were obtained from Aldrich and used as received; o-phenylenediamine (Aldrich, 98%) was recrystallized from water before use. Water was deionized with a Barnsted nanopure system. Acetonitrile was dried over molecular sieves and distilled from Call2. All solvents and other chemicals were of at least reagentgrade quality and were used without further purification. NMR spectra were obtained on a Bruker AMX 300 MHz spectrometer with all chemical shifts referenced to TMS. Time-resolved luminescence measurements on the complexes in dry, argon-saturated CH3CN were performed as previously described, t26)
Synthesis
Ru(bpy)2(C1)2 and Ru(phe)2C12 were prepared through the same method using RuC13 and the appropriate diimine.C2~ 1,10-Phenanthroline-5,6-dione was prepared according to a literature procedure <28) and was subsequently recrystaUized from MeOH. Dipyrido[3,2-a:2',3-c]phenazine (dppz) was synthesized by reaction of 1,10-phenanthroline-5,6-dione with 1.1 equivalents ofophenylenediamine in refluxing EtOH.C29) IH NMR of dppz in (CDa)2SO was in agreement with the literature spectrum. trated aqueous solution of NH4PF 6. The precipitate was collected by vacuum filtration on a medium frit and was washed with cold MeOH followed by ether. Typical yields ranged between 70 and 85%. ~H NMR spectra of both Ru(bpy)~(dppz)(PF~)2 and Ru(phe)2(dppz)(PF~)2 in (CD3)2CO and CD2CI ~ were in agreement with literature spectra.O0a~) UV-vis absorbance spectra of the complexes were also consistent with the literature, ta~ These compounds were nonfluorescent in water, which is consistent with the absence of [Ru(bpy)3] 2 § or [Ru(phe)3] 2 § impurities. The lifetimes of the bpy and phe complexes in very dry acetonitrile and without O5 measured by time-resolved emission were single exponentials with decay times of 750 and 787 ns, respectively. Barton and co-workers (22) reported smaller values, which could be due to dissolved oxygen or water in the solvent used for their measurements.
Calf thymus DNA was obtained from Sigma Chemical Co. and was used without further purification and without sonication. DNA was dissolved in 5 mM tris (pH 7.0) containing 50 mM NaC1. The concentration of metal-ligand complex and DNA base pairs in these solutions was 6 and 200 gM, resulting in one probe molecule per 33 base pairs. For measurement of the excitation anisotropy spectra 5 034 bpy or phe complex was dissolved in 100% glycerol and the emission was observed through a monochromater at 670 nm.
Emission spectra were recorded on a SLM AB2 spectrofluorometer. Time-resolved data were obtained by time-correlated single-photon counting (TCSPC).O2) The light source was the frequency-doubled output of a Pridine 1 dye laser, cavity-dumped at 0.5 or 1 MHz and frequency-doubled to 365 nm. For TCSPC measurements the emission was isolated using a long pass filter transmitting above 520 nm. The detector was a Hamamatsu R2809 red-sensitive microchalmel plate PMT.
The intensity decays were analyzed by nonlinear least-squares using software provided by IBH, Inc., in terms of a multiexponential decay model,
where % and the preexponential factors associated with the decay time (%). The fractional intensity (/7) of each decay time component to the steady-state emission can be obtained from
J
The anisotropy decay data were also analyzed with software from IBH, Inc., using the multicorrelation time model
where ri are the amplitudes associated with the ith correlation time (0i).
RESULTS
The absorption and anisotropy spectra of [Ru(bpy)2(dppz)] 2 § and [Ru(phe)~(dppz)] 2 § are shown in Fig. 1 . The spectral properties of these complexes are similar, except the phe complex absorbs at somewhat longer wavelengths. In the absence of rotational motions (-60~ in glycerol), the excitation anisotropy spectra of the bpy and phe complexes both display maxima near 365 and 500 nm. These high values of the anisotropy indicate that the excitation is localized on one of the organic ligands, and not randomized among these ligands. Since the dppz ligand intercalates into DNA, and the emission intensity is sensitive to intercalation, it seems likely that the excited state is a charge transfer state between the Ru and the dppz.
The anisotropy spectra for the bpy and dppz complexes are rather favorable for measurements of timeresolved anisotropies. One can select a range of excitation wavelengths, from 330 to 350 nm and from 480 to 550 nm. Such wavelengths can be obtained from a variety of pulsed lasers.
The emission spectra of the bpy and pile complexes bound to calf thymus DNA are shown in Fig. 2 . In aqueous solution the probes are nearly undetectable by the "The concentration of DNA was 2 X 10 -4 M in base pairs, and the concentration of the metal-ligand complex was 6 IIM, for a base pairto-probe ratio of 33:1. The buffer was 50 mM NaCI, 5 mM Tris, pH 7.0, at 20~ bThe relative amplitudes ~) are obtained from the lifetimes ('r~) and preexponential factors (eq) as described in Eqs. (1) and (2). emission. In the presence of DNA the luminescence of these probes is remarkably enhanced, an effect attributed to intercalation of the dppz ligand into double-helical DNA/33z4) Hence probe emission is observed only from the DNA-bound form, without contributions from free probe in solution. In the intensity-normalized emission spectra (not shown), one notices that the emission of the phe complex is shifted several nanometers to longer wavelengths, compared to the bpy complex. The time-resolved intensity decays of the bpy and phe complexes bound to calf thymus DNA are shown in Fig. 3 . The intensity decays are best fit by triple-exponential decays for both the bpy and the phe complexes (Table I) . Use of the double-exponential model yielded reduced • values which were four-to sevenfold larger than for the triple-exponential fit. Such a large difference in X~ indicates that at least three decay times are needed to explain the data. However, the intensity decay could be still more complex, but the additional complexity not resolvable with the present experimental data. The mean lifetime ('r) of the phe complex bound to DNA ('r = 145 ns) is about 50% longer than that of the bpy complex ('r = 99 ns). This difference in decay time is readily visible in the intensity decay (Fig. 3) and suggests that the phe complex is the better choice for examining DNA motions on the submicrosecond timescale.
Time-resolved anisotropy decays of the DNAbound phe and bpy complexs are shown in Fig. 4 . The anisotropy decays are not characterized by a single correlation time, and fitting the data requires up to three correlation times (Table II) for the double-exponential fit indicate that the decay is more complex than a two-correlation time model. Similar correlation times and amplitudes were observed with both complexes (Table H) . The correlation times range from 22 to 250 ns, and the complexity of the recovered anisotropy decay indicates that these probes will be useful for quantifying a range of DNA motions. At present we feel that the frequency-domain method will be more effective than TCSPC for quantifying the anisotropy de- "Calculated using % or r = Ef~ % bCalculated using Eq. (4) with an oxygen concentration of 1.275 x 10 -3 M.
cays of these long-lived complexes. However, our present instrumentation did not permit frequency-domain measurements on these long-lived complexes. Importantly, the results shown in Fig. 4 indicate that rotational motions as long as 300 ns are readily measured using these metal-ligand probes.
We examined the effects of dissolved oxygen on the intensity decays of the complexes bound to DNA. These results are presented as mean decay times in the absence and presence of oxygen (Table III) . These values can be used to calculate the oxygen biomolecular quenching contact kq using Ethidium bromide is known to intercalate between the DNA base pairs. Hence, the inaccessibility of these MLC probes to oxygen quenching supports the hypothesis that the excited state is localized between the dppz and the Ru and that the dppz ligand is intercalated into the DNA helix.
DISCUSSION
The long-lived probes of DNA dynamics can have numerous applications for biophysical studies of DNA. This probe can be used to study DNA in a wide range of environments, as has been done for DNA labeled with ethidium bromide. This probe, which displays a decay time near 30 ns, has been used to study DNA in solution, O6) in chromatin, (37) and in bacteriophage. 08) The long lifetime of the metal-ligand complexes may provide additional insights into the effect of the local environment on DNA dynamics. Additionally, one can imagine the use of global analysis 09) with short-and long-lived probes to provide increased resolution of DNA dynamics.
The use of long-lived probes may also provide a means to measure site-to-site motions of DNA. It is known that site-to-site diffusion coefficients in proteins can be determined from measurements of time-resolved fluorescence resonance energy transfer/4~ However, using nanosecond decay time probes, such measurements are limited to rather rapid rates of diffusion, in excess of 10 -7 cm2/s. Much slower site-to-site motions should be measured with these long-lived complexes.
In closing, the use of metal-ligand complexes as DNA probes is in its infancy, and additional experimentation is needed to realize the potential of these probes.
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